Viral RNA-dependent RNA polymerases (RdRPs) play essential roles in viral genome replication and transcription. We previously reported several structural states of the poliovirus RdRP nucleotide addition cycle (NAC) that revealed a unique palm domain-based active site closure mechanism and proposed a six-state NAC model including a hypothetical state representing translocation intermediates. Using the RdRP from another human enterovirus, enterovirus 71, here we report seven RdRP elongation complex structures derived from a crystal lattice that allows three NAC events. These structures suggested a key order of events in initial NTP binding and NTPinduced active site closure and revealed a bona fide translocation intermediate featuring asymmetric movement of the templateproduct duplex. Our work provides essential missing links in understanding NTP recognition and translocation mechanisms in viral RdRPs and emphasizes the uniqueness of the viral RdRPs compared with other processive polymerases.
Viral RNA-dependent RNA polymerases (RdRPs) play essential roles in viral genome replication and transcription. We previously reported several structural states of the poliovirus RdRP nucleotide addition cycle (NAC) that revealed a unique palm domain-based active site closure mechanism and proposed a six-state NAC model including a hypothetical state representing translocation intermediates. Using the RdRP from another human enterovirus, enterovirus 71, here we report seven RdRP elongation complex structures derived from a crystal lattice that allows three NAC events. These structures suggested a key order of events in initial NTP binding and NTPinduced active site closure and revealed a bona fide translocation intermediate featuring asymmetric movement of the templateproduct duplex. Our work provides essential missing links in understanding NTP recognition and translocation mechanisms in viral RdRPs and emphasizes the uniqueness of the viral RdRPs compared with other processive polymerases.
RNA-dependent RNA polymerase | nucleotide addition cycle | translocation intermediate | enterovirus 71 | crystal structure I n recent years, several notable emerging infectious diseases have been caused by RNA viruses, including highly pathogenic avian influenza viruses, Ebola virus, and Middle East respiratory syndrome coronavirus. RNA viruses are quite diverse in virus particle and genome structure and in virus entry and assembly mechanisms. However, they do share fundamental features in their genome replication and transcription, using a virally encoded RNAdependent RNA polymerase (RdRP) to carry out the biosynthesis of an RNA product directed by an RNA template. Although the genome replication machinery often requires the participation of other factors, typically at the initiation phase of synthesis, the RdRP governs the elongation phase of synthesis that includes thousands of efficient nucleotide addition cycles (NACs). Viral RdRPs vary greatly in size and structural organization, from the ∼50-kDa picornavirus 3D pol (1, 2) , to the ∼100-kDa flavivirus NS5 that contains a naturally fused methyltransferase domain (3) , to the ∼250-kDa nonsegmented negative-strand RNA virus L protein harboring at least three enzyme modules (4) and the ∼260-kDa three-subunit PA-PB1-PB2 influenza virus replicase complex (5) . On the other hand, all RdRPs share a 50-to 70-kDa polymerase core that forms a unique encircled right-hand structure with palm, fingers, and thumb domains. Among the seven classic RdRP catalytic motifs, A-E are within the most conserved palm domain, and F and G are located in the fingers; they are all arranged similarly around the active site (6) (7) (8) (9) . The structural conservation of the RdRP polymerase core and the seven motifs form the basis for understanding the common features in viral RdRP catalytic mechanism and for finding intervention strategies targeting these enzymes with possible broad-spectrum potential.
As with other classes of nucleic acid polymerases, the viral RdRP elongation NAC comprises sequential steps of initial NTP binding, active site closure, catalysis, and translocation. In a recent study using CTP and deoxy-CTP analogs in the poliovirus (PV) RdRP elongation complex (EC) crystal-soaking experiments, the polymerase having a guanine base at the +1 template position was successfully trapped at different stages of a single NAC, leading to the proposal of a working NAC model featuring six reference states (10) . The model starts with a state 1 (S 1 ) complex with a vacant active site that is in the catalytically open conformation and upon NTP binding proceeds to a state 2 (S 2 ) complex with the active site still in the open conformation. An important conformational change then takes place to position key catalytic residues and two magnesium ions around the priming nucleotide and the substrate NTP to achieve proper geometry of a closed active site for catalysis, yielding state 3 (S 3 ) immediately before and state 4 (S 4 ) immediately after the phosphoryl transfer reaction. As the catalytic geometry starts to disintegrate, the structural changes in the palm domain result in state 5 (S 5 ) with an open conformation active site. State 6 (S 6 ) is then a hypothetical translocation intermediate state that bridges the pretranslocation S 5 and the posttranslocation S 1 in the next NAC.
The six-state model has provided a framework for understanding the molecular details and the unique features of the viral RdRP elongation NAC. In the active site closure step, the notable backbone conformational changes are limited to motifs A and D in the palm domain. These conformational changes are in drastic contrast to those taken by the well-characterized A-family polymerases that use a large-scale rotational movement of the O-helixcontaining fingers domain to achieve the same closure step (11, 12) . One implication behind this apparent difference in the active site closure mode is that the mechanisms by which the polymerase selects the correct NTP substrate and induces active site reorganization for catalysis are also quite different. In A-family polymerases, the translocation step is coupled to the postcatalysis reopening of the active site when a conserved tyrosine residue in the O-helix "pushes" the nascent base pair upstream in a motion that is the reverse of that observed during the active site closure (11, 13) . However, no intermediate structure between the preSignificance RNA viruses encode a unique class of RNA-dependent RNA polymerases (RdRPs) to carry out their fully RNA-based genome replication and transcription. Although the chemical nature of nucleotide addition is essentially shared by all nucleic acid polymerases, the structural and mechanistic details taken by each polymerase class differ to various extents. Here we report seven crystal structures of enterovirus 71 RdRP elongation complex at 2.5-2.8 Å resolution. In these structures the polymerases are poised at various distinct stages to reveal mechanistic details of initial NTP binding, key amino acid side-chain conformational switches during active site closure, and in particular the postcatalysis movement of the RNA duplex on the way to vacate the active site for the next nucleotide addition cycle.
and posttranslocation states to refine the translocation process further has been captured in A-family polymerases by crystallography. Without an O-helix counterpart, viral RdRPs likely have established unique conserved components to control translocation, and their ECs may experience metastable intermediates that provide valuable details for identifying translocation-related protein components and the details of RNA movement during translocation.
In this study, we obtained a crystal form of the enterovirus 71 (EV71) RdRP EC that allows multiple nucleotide incorporations in NTP-soaking trials. By using natural NTP substrate combinations and controlling the incubation time, we were able to capture EC species that provide previously unidentified mechanistic details for initial NTP binding, active site closure, and, in particular the RNA motion during translocation that shows an asymmetric movement of the two strands in the template-product duplex.
Results
A Unique RdRP EC Lattice That Is Capable of in Situ Elongation for Multiple NACs. Recently we developed an RNA-mediated crystallization strategy that was highly effective in crystallizing picornaviral RdRP ECs (14) . By providing a GC or GU sequence overhanging the upstream end of the template-product duplex to facilitate inter-EC contacts, an EC dimer typically becomes the minimal crystallizing unit, with the two upstream RNA duplexes interacting in the middle and two polymerases facing away from each other. These RNA-RNA interactions play important roles in crystallization but also impose steric constraints for in-crystal soaking experiments designed to go through multiple NACs. By attempting to crystallize EV71 RdRP EC using a combination of RdRP from different viral genotypes and RNA with different lengths of template-product duplex, we have obtained a picornaviral RdRP EC crystal form within which ECs are no longer organized as dimers. Instead, the upstream duplex points toward a spacious solvent channel (Fig. 1A ) that may allow multiple incorporation and translocation events to occur in NTP-soaking experiments.
The EC in this crystal was obtained after incorporating a (GA) 3 hexa-nucleotide sequence into an RdRP-RNA binary complex containing an 8-bp template-primer duplex. The remaining "GGACCU . . ." template sequence was designed to direct subsequent in-crystal elongation, as may be allowed by this particular lattice (Fig. 1B) . When CTP, UTP, and GTP are provided, the EC is expected to incorporate five nucleotides (i.e., CCUGG). However, even with overnight incubations, the EC incorporated three nucleotides (i.e., CCU) at most, indicating a threshold for the crystal lattice to accommodate growth of the template-product duplex. We then explored using this crystal lattice as a platform to capturing important EC states within three consecutive NACs. By combining an incubation time scanning strategy (15, 16) and the use of different NTP combinations in the native EC-soaking trials, we obtained seven representative EC structures distributed in the first and the third NACs (Fig. 1B and Tables 1 and 2 ). The resulting crystal lattices were nearly isomorphous based on unit cell dimensions and intercomplex packing modes (Tables 1 and 2 and Fig. 1C ). This observation is drastically different from the output of the soaking experiments using a PV RdRP EC crystal that also allows multiple nucleotide incorporation (14) ; in that lattice (named "PV_r5") every translocation event resulted in obvious translational movement between RdRPs within the aforementioned EC dimer as the growing RNA duplexes collided with each other.
A Plausible Order of Events During Initial NTP Binding and Active Site Closure. The isomorphous feature of the EV71 RdRP EC lattice and the fact that the EC can enter the third NAC mean the three consecutive NACs occurred in an environment free of constraints brought by lattice variation, providing a valid platform for timeresolved NTP-soaking experiments. We tested CTP soaking with various incubation times and obtained three representative states in the first NAC (denoted "C 1 " for "cycle 1"; Table 1 ). In the prior PV RdRP EC work, a 2′,3′-dideoxy CTP (ddCTP)-derived structure showed clear density for the entire ddCTP molecule, whereas the RdRP conformation remained essentially unchanged around the active site. This structure was assigned as the reference state 2 (S 2 ) to represent a fully open conformation active site with a bound NTP. However, such a state was not observed in all of the CTPsoaked EV71 RdRP EC C 1 structures. If the active site conformation remained fully open, only medium-level density for the CTP base moiety and weak-level density of the ribose was evident (C 1 S 1/2 structure, CTP not modeled; Fig. 2 A and B) . This observation indicates that the template-NTP substrate base-pairing appears to be sampled before the rearrangement of NTP ribose, triphosphate, and the surrounding active site motifs toward the in-line catalytic geometry. Defined density next to residue D330 (the second aspartate in the RdRP hallmark motif C sequence XGDD) with an interacting distance of 2.1 Å to a side-chain oxygen indicated a bound magnesium ion ("metal A" or MeA according to consensus nomenclature) that is required for subsequent catalysis. 1 ) and those of the other six complexes derived from the native EC in crystal-soaking trials. The template is in cyan, and product is in green. The black box indicates the nucleotides incorporated during soaking. "C" and "S" in complex names stand for "cycle" and "state," respectively, and the subscript numbers reflect the assigned cycle/state numbers. (C) The isomorphous nature of the EC lattices. C 1 S 1/2 and C 3 S 6 structures (bold-faced in B) were chosen as representatives to indicate the very limited lattice alteration upon three rounds of nucleotide incorporation. The superimposed polymerases (using the traditional least-squares method) are on the right side with the C 1 S 1/2 complex taking a coloring scheme indicated by individual parts of the EC and the C 3 S 6 complex in black; their symmetry-related neighboring ECs are colored in orange (C 1 S 1/2 ) and purple (C 3 S 6 ).
If clear triphosphate density was visible, then key conformational changes around the CTP ribose 2′ and 3′ hydroxyl groups had already occurred, but the active site had not yet fully closed, leading to an intermediate state we call "S 2/3 " (C 1 S 2/3 structure; Fig. 2A ). The conserved motif A residue D238 experienced a hallmark side-chain rotamer change to accommodate the ribose hydroxyls and established a hydrogen-bonding network with the ribose and motif B residue S289 (Fig. 2C) . As in the C 1 S 1/2 structure, metal A still resided several Ångstroms away from its catalytic position, whereas metal B was observed within coordination-distance range of the CTP phosphates and the motif A residue D329. D329 (the first aspartate in sequence XGDD) is one of two universally conserved aspartic acid residues in polymerases following the two-metal-ion catalytic mechanism (17) . However, this structure is not in the fully closed catalytically competent state because the other universal aspartic acid residue located at position 233 in motif A is not in place. As characterized in the PV RdRP EC study, D233 features the most notable backbone movement during active site closure to achieve coordination with both metal ions. The capture of EV71 RdRP in a partially closed state, S 2/3 , provides further evidence that the likely order of events during active site closure is as originally suggested by the PV study (10) . In such a proposal, the precise placement of ribose 2′ and 3′ hydroxyls triggers the reorganization around the ribose, including residue D238, which in turn induces the movement of the D233 region within the same motif for metal ion coordination and catalysis.
A fully closed postcatalysis state in the EV71 structure was obtained also (C 1 S 4 structure; Fig. 2A ) in which the details of the active site were essentially identical to the S 4 structures seen in the PV study. Relative to their location in the C 1 S 2/3 structure, the D233 side-chain carboxylate group moved about 3.8 Å and rotated ∼120°, and metal A moved 5.5 Å to be coordinated simultaneously by D233, D329, and D330 in the catalytically competent conformation (Fig. 2C ).
Postcatalysis Complexes in Two NACs Provide the NTP Selection
Details by +1 Template Purine Bases. Many DNA-dependent polymerase ECs contain a preinsertion site (the "E-site" where "E" stands for "entry") in which the +1 template nucleotide is poised to allow initial NTP binding (13, (18) (19) (20) . This site allows the nascent base pair to form without establishing the stacking interactions with the −1 base pair. To achieve active site closure, an NTP repositioning step needs to take place to move the NTP into the insertion site (the "A-site" where "A" stands for "addition"), and this repositioning usually is accompanied by relatively large conformational changes in the vicinity of the active site (11) (12) (13) 18) . These features in general permit the NTP selection process to occur at two distinct sites that have different sets of interactions, possibly improving nucleotide selection fidelity. In contrast, in viral RdRP ECs the +1 template nucleotide is prestacked on the −1 base pair, and as a result the initial NTP binding is to a site nearly identical to the catalytic insertion site. Active site closure involves only limited backbone shifts in motifs A and D with several hallmark side-chain rotamer changes as mentioned above. The NTP selection by the RdRP EC therefore is structurally less complicated, because the initial NTP binding and subsequent catalysis occurs in very similar protein environments. In addition to the C 1 S 1 native structure and C 1 S 4 structure that show the details of CTP selection with a guanine base at the template +1 position (denoted "+1G:C"), we obtained C 3 S 1 and C 3 S 4/5 structures showing UTP selection with a +1 adenine base (+1A:U) (Fig. 3) . When comparing the NTP-free S 1 structures to the NMP-incorporated S 4 and S 4/5 structures by a maximum likelihood superimposition of the polymerase molecules (21), the placement of the +1 template base was subjected only to very subtle movement toward the major groove side (Fig. 3A) . The polymerase active site conformation is essentially identical in the two product structures, with key residues D238, D233, S289, G290, and R174 following the same conformational switches for both NTPs. These residues, together with motif F residue K159 sitting on the major groove side and residue I176 that stacks onto the template base from the downstream side, define a compact substrate pocket for the final precatalysis fidelity checkpoint. The 2′ and 3′ hydroxyls of the nascent NMP ribose were precisely placed toward D238, with the positional deviation of the both hydroxyl oxygen atoms in C 1 S 4 and C 3 S 4/5 complexes being within 0.2 Å. This observation suggests that the establishment of the interaction network around the NTP ribose hydroxyls is a key determinant for active site closure and likely precedes and triggers the structural rearrangements around the catalytic metal ions. The two postcatalysis structures reported here are nearly identical in polymerase active site conformation. However, only the C 1 S 4 structure contains all 12 coordination partners for the two metal ions, with the 11 of these found within Mg 2+ coordination distances (Fig. 3B) . Therefore, we consider C 1 S 4 a bona fide postcatalysis S 4 structure. In contrast, the coordination geometry has begun to disintegrate in the C 3 S 4/5 structure, and it therefore should be considered an intermediate between S 4 and S 5 , even if the protein active site conformation remains closed. Note that two water molecules participate in Mg 2+ coordination in the C 1 S 4 structure. The water molecule coordinating metal A is about 3.5 Å away from the 3′ hydroxyl oxygen. In the norovirus RdRP-RNA-CTP crystal structure, a structurally equivalent water molecule coordinates the metal A (a Mn 2+ in that case) and was suggested to serve as the general base in the proposed two-proton transfer mechanism (22, 23) . The water molecule coordinating metal B in the C 1 S 4 structure is about 3.0-3.1 Å away from two phosphate oxygen atoms of the pyrophosphate, and a structurally equivalent water molecule has not been observed in RdRP structures. Along with the previously proposed motif D lysine (K359 in PV RdRP) (24) and motif F arginine (R174 in PV RdRP) (10) residues, this water molecule also may be a candidate to protonate the β-phosphate of the substrate NTP as a general acid.
A Previously Unidentified Translocation Intermediate Suggests an
Asymmetric Movement of Template-Product RNA Duplex. Translocation has the net effect of changing the footprint of the polymerase on nucleic acid by one nucleotide register and represents an important postcatalysis event that completes the NAC. Local, if not major, conformational changes must take place to achieve translocation, and higher-energy intermediates may exist between the pre-and posttranslocation states. However, such translocation intermediates often are difficult to capture by experimental biology because of their short-lived nature. Compared with in-solution approaches, in-crystal polymerase synthesis may increase the possibility of capturing such intermediates by providing extra constraints through the packing environment of each polymerase. Indeed, the time scale for a single NAC in the current lattice is on the order of minutes (Tables 1 and 2) , at least 100-fold slower than that measured in the solution studies in PV RdRP (25, 26) . Ideally, the EV71 RdRP EC lattice reported here could allow the capture of such intermediates in all three NACs. To date, we have not successfully obtained any translocation intermediate within the first or the second NAC, even after numerous rounds of attempts. However, with overnight incubation in the presence of CTP and UTP, the EC could be paused at a clear translocation-intermediate state in which all regions of the template-product RNA duplex except for the backbone region from position −3 to position +1 of the template strand had undergone movement in the upstream direction (Fig. 4A, C 3 S 6 ). To the best of our knowledge, this is the first reported crystallography-derived polymerase EC intermediate that demonstrates the global motion of the template-product duplex during translocation, and it is conceptually different from the crystal structure of yeast RNA polymerase II (Pol II) EC in complex with α-amanitin, in which only the intermediate conformation of the downstream DNA is observed (27) . Note that the intermediate RNA conformation in our C 3 S 6 structure mostly likely represents a naturally occurring state rather than an artifact induced by crystal-packing constraints. In the previous work describing the method used in crystallizing picornaviral polymerase EC, we demonstrated that the polymerase with consistent global conformation maintains the native RNA conformation from the active site to about position −7, despite various extents of RNA conformational distortion occurring further upstream (14) . The polymerase global conformation of the C 3 S 6 complex is highly consistent with the other six complexes presented in this study (Fig. 4A) . The RNA regions upstream of position −7 and downstream of position +2 are largely disordered in the C 3 S 6 structure (Fig. 4B) . Although a portion of RNA backbone electron density of the disordered upstream RNA is somewhat traceable, defined intercomplex contacts are lacking at both ends of the RNA construct. Taken together, the consistent polymerase conformation, the absence of defined crystal contacts at both ends of the RNA constructs, and the ability of polymerase to absorb the conformational distortion induced at the upstream end of its RNA collectively support the validity of the C 3 S 6 structure. In comparison with the C 3 S 4/5 pretranslocation structure within the same NAC, in the C 3 S 6 structure the entire product strand moved in the upstream direction (Fig. 5) . With all base-paring hydrogen bonds maintained between the two strands, the product strand phosphates moved about a half-register on average, with some variation ( Fig. 5 B and C) . The product riboses and bases also moved in the same direction but with larger variation. The upstream-most nucleotide resolved in the structure is the −7 position, whose base almost reached the −8 position of the pretranslocation structure, but the downstream-most +1 base has moved by only about one fifth of a register ( Fig. 5 B and C) . The template strand lagged behind, with its backbone phosphates at positions −2 to +1 remaining locked at their pretranslocational positions, whereas the −7 to −4 phosphates moved upstream by less than a half-register on average (Fig. 5) . Globally assessed, the template-product RNA duplex had undergone an asymmetric movement with the product strand preceding the template strand and the upstream region leading the downstream region.
With the aim of understanding this apparent strand asymmetry in viral RdRP translocation, we compared the details of the protein-RNA interactions from the active site to position −7 in all three C 3 structures (Fig. 5C) . Except for the interactions with the newly incorporated UMP in the C 3 S 4/5 structure, the interactions are largely the same in the pre-and posttranslocation states. Interactions between the product strand and the polymerase are fairly evenly distributed from −7 to −1 without being concentrated in any one region. In contrast, polymerase interactions with the template strand are clustered in two distinct regions around the −5 to −3 and −2 to +1 nucleotides, with the latter having the most extensive contacts. Motifs B, F, and G converge at the −2 to +1 region and create a sharp turn in the template strand (Fig. 5A ) that also is observed in DNA-dependent RNA polymerases (28, 29) . As a result, the +2 template base is fully unstacked from the upstream nucleotides and is tucked into a small surface pocket created by the index and ring fingers (Fig. 5A) (14) . Motif G residues T114 and S115 pack against the template strand +1/+2 backbone linkage and likely serve as a control point for template strand movement during translocation (9) . At the upstream end of this interaction cluster there is an unusual and conserved backbone conformation for the ribose-phosphate linkage of the template strand −2 nucleotide (14) . Together, these two interactions appear to lock the −2 to +1 sequence in place, specifically preventing this region of the template from moving while the remainder of the product-template RNA duplex undergoes translocation in an asymmetric fashion. To achieve the final posttranslocation state, i.e., S 1 of the next NAC, the special backbone conformations at the S 6 template +1/+2 linkage and the −2 position need to transition to the corresponding regions one base step downstream, and the energy to achieve the requisite conformational changes is likely an important contributor to the ultimate energy barrier for translocation. We next compared the pretranslocation C 3 S 4/5 structure with the translocation-intermediate C 3 S 6 structure. Although the interactions between the template strand and the polymerase remained largely unchanged, more than half of the residues participating in product strand contacts changed their interaction modes by interacting with a different site, losing original interactions or establishing additional interactions (Fig. 5C ). This finding is consistent with the observation that the interactions between the polymerase and the product RNA are relatively nonintensive and evenly distributed. We therefore propose that the product RNA strand may be capable of sliding back and forth between its pre-and posttranslocation states. In contrast, the movement of the template RNA is controlled more stringently by the polymerase, in particular around the −2 to +2 region. The backbone conformational changes required to translocate the +1/+2 junction and the −2 ribose-phosphate linkage are likely accompanied or assisted by local polymerase conformational changes that also require energy, making the final step in translocation rate-limiting and largely irreversible (Fig. 5C ).
Discussion
An Improved View of Viral RdRP Elongation NAC. Using the advantages provided by a particular EV71 RdRP EC lattice, the current study makes important advances toward the understanding of the viral RdRP elongation NAC (Fig. 6) . The current NAC working model starts with an S 1 complex in the absence of NTP substrate with an open active site; after diffusing into the NTP entry channel formed between the motif F in the ring finger and motifs A and D in the palm, the NTP establishes its initial interaction through base-paring with the +1 template base and stacking with the −1 priming base (S 1/2 ), leading to the rearrangement around the NTP ribose and motif A residue D238 and finally bringing the NTP triphosphate, two divalent metal ions, and another motif A residue, D233, into place to achieve the catalytically closed conformation (S 3 ) as observed in a norovirus polymerase-RNA-CTP complex structure (23) . Immediately after the phosphoryl transfer reaction (S 4 ), the catalytic geometry around the metal ions starts to disintegrate, and the active site reopens (S 5 ); translocation begins with the less-restrained product RNA and the upstream region of the template-product duplex (S 6 ) and then finally needs to overcome the conformational transition around the −2 to +2 region of the template strand to become the posttranslocation S 1 complex of the next NAC (Fig. 6A) .
On NTP Selection and Fidelity Control by Viral RdRP. Viral RdRPs typically have misincorporation rates in the range of 10 −4 -10 −5 (30-33) and therefore ought to be considered as medium-fidelity polymerases compared with high-and low-fidelity representatives (26, 34, 35) . Therefore, the NTP selection by viral RdRP, in particular for its EC, is expected to be reasonably stringent. Because a preinsertion site is missing in viral RdRP ECs, the NTP selection occurs in a limited space in an induced-fit manner with only local conformational changes. It has been proposed that the precise recognition of the equivalent geometry of the Watson-Crick base pairs may be the most important factor in NTP selection by polymerases (36). Although we have not obtained structural data for all four RNA base pairs at the RdRP +1 position, the +1G:C and +1A:U product complexes (C 1 S 4 and C 3 S 4/5 ) strongly support this proposal, because the spatial placement of the +1 nucleotides, the edges of the +1 base pair, and the shape of the active site complementing the +1 nucleotides are highly analogous (Fig. 3A) . As suggested by the C 1 structures in the current study, the three sequential events of initial base-pairing, ribose hydroxyl-induced conformational change around D238 (hereafter the "ribose-Asp switch"), and the alignment of NTP triphosphate and D233 around the two metal ions (hereafter the "metal-Asp switch") likely provide the fidelity check points. The precise placement of the nascent NMP ribose hydroxyl groups in the two product complexes emphasizes the importance of the ribose-Asp switch in substrate selection. We propose that the RdRP specific ribose-Asp switch is a positive contributor to the overall fidelity for viral RdRPs and to some extent may compensate for the loss of one fidelity checkpoint resulting from the lack of a preinsertion site in these polymerases.
On the Translocation Mechanism by Polymerases. Two major theories have been proposed to describe the central mechanism of polymerase translocation, namely the Brownian ratchet model and the power stroke model (11, (37) (38) (39) . The Brownian ratchet model features a fast equilibrium between the pre-and posttranslocation states, and it allows possible intermediates in the absence of the next incoming NTP, but the presence of a bound NTP strongly stabilizes the polymerase in the posttranslocation state. The power stroke model emphasizes the correlation between pyrophosphate release and the required conformational changes to convert the pretranslocation state to the posttranslocation state in a single and largely irreversible step. Although we are not trying to reconcile these two models here, our structures suggest that the RdRP translocation process uses essential features of both. As suggested by the C 3 S 6 structure, the postcatalysis product strand is subject to Brownian motion (fast equilibrium) between the preand posttranslocation states because of the evenly distributed interactions with the polymerase (Figs. 5 and 6B ). In contrast, the movement of the template strand −2 to +2 region toward the upstream direction requires overcoming the sharp backbone turn at +1/+2 and the special conformation of the −2 phosphate linkage. This movement is likely the rate-limiting step during translocation and therefore is largely irreversible. Therefore, the newly established protein interactions at the −2 to +2 region in the posttranslocation state could be regarded as the ratchet to prevent back-translocation (Fig. 6B) . In the C 3 S 6 structure, pyrophosphate is present with a refined occupancy of 0.55, comparable to the 0.66-0.72 occupancies seen in the pretranslocation structures (Figs. 3A and 5A ), but pyrophosphate is totally absent both in the S 1 structures in this study and in previously determined picornavirus polymerase EC S 1 structures (10, 14) . Thus, the release of pyrophosphate may coincide with the final upstream movement of the template −2 to +2 region, although whether and how the pyrophosphate release and the conformational changes controlling the templates strand movement are mechanically related is not obvious.
It is plausible that the asymmetric movement of the two RNA strands observed in the current study also may be a general feature of other classes of polymerases. Although the special backbone conformation of the template −2 ribose-phosphate linkage is observed only in viral RdRP-RNA complexes (2, 10, 14, 23) , the sharp turn at the +1/+2 junction of the template strand is shared by several classes of polymerases (28, 29, 40, 41) . The polymerases need to create the active site at the downstream end of the +1 site, and therefore the helical trace of the template strand backbone must deform around the +1/+2 junction, making the postcatalysis translocation around the junction less fluid. Very interestingly, the eukaryotic RNA Pol II initiation complex (IC) has been captured with a template-product duplex adopting a similar asymmetric conformation when the transcript length is 4-5 nt (42) . Note that these Pol II IC complexes are not translocation intermediates, because the asymmetric conformation was achieved through slippage-mode movement of the product strand in the downstream direction. As a result, the −1 and −2 ("i-1" and "i-2" in Pol II nomenclature) nucleotides in the product strand seem to form mismatches with the −1 and +1 nucleotides in the template strand. These obvious conformational dynamics of the templateproduct duplex may be explained in part by the intrinsic instability of a DNA-dependent RNA polymerase IC with a short transcript. In fact, a similar conformation has not been observed in Pol II IC structures with longer transcripts or in EC structures that have established intensive transcript-template and transcript-polymerase interactions (29, (42) (43) (44) . Therefore, the mechanism for achieving a similar asymmetric template-product conformation in these Pol II ICs appears to be different from that suggested by the translocation intermediate in the current study. More high-resolution translocation-intermediate structures are needed to refine further the understanding of the polymerase translocation in general. As mentioned, capturing translocation intermediates by crystallography is somewhat serendipitous, but perhaps molecular dynamics approaches could serve as a valid tool for testing whether other classes of polymerases also exhibit asymmetric RNAstrand movements during translocation.
Materials and Methods
Cloning and Protein Expression. The EV71 3D pol gene within the DNA clone of SK-EV006-LPS1 (GenBank accession no. AB550335.1, genotype B) was cloned into a pET26b-Ub vector (45) . The resulting plasmid was transformed into Escherichia coli strain BL21(DE3) pCG1 (kindly supplied by Craig Cameron, Pennsylvania State University, State College, PA) for expression of 3D pol with a C-terminal hexa-histidine tag as described previously (3, 45) . 3D pol was produced as a ubiquitin-fused protein, and the ubiquitin was cleaved in vivo by a coexpressed ubiquitin-specific carboxyl terminal protease Ubp1 to produce the 3D pol with homogenous native N-terminal glycine residue. Cells were grown at 25°C overnight in LB medium with 50 μg/mL kanamycin (KAN50) and 17 μg/mL chloramphenicol (CHL17) until the OD 600 was 1.0. The overnight culture was used to inoculate 1 L of LB medium with KAN50 and CHL17 to reach an initial OD 600 around 0.025. The cells were grown at 37°C to an OD 600 of 0.6 and then were cooled to room temperature. Isopropyl-β-D-thiogalactopyranoside was added to a final concentration of 0.5 mM, and the cells were grown for an additional 11-12 h before harvesting.
Purification of EV71 3D
pol . Cell lysis, subsequent purification, and storage procedures were as described previously (3), except that a HiTrap Q HP column (GE Healthcare) was used in the second chromatographic purification step. This column was equilibrated with a buffer containing 50 mM NaCl, 25 mM Tris (pH 8.5), 0.1 mM EDTA, 20% (vol/vol) glycerol, and 0.02% (wt/vol) NaN 3 , and the protein was eluted by a linear gradient to 600 mM NaCl. The final buffer condition for protein storage was 300 mM NaCl, 5 mM Tris (pH 7.5), 0.02% (wt/vol) NaN 3 , and 5 mM Tris (2-carboxyethyl)phosphine. The molar extinction coefficient for 3D pol protein was calculated based on protein sequence using the ExPASy ProtParam program (www.expasy.org/tools/protparam.html). The yield is typically in the range of 8-15 mg of pure protein per liter of bacterial culture.
RNA Preparation. The template strand RNA to assemble the r5 construct (14) solely used in the current study was obtained by in vitro T7 RNA polymerase transcription using a parental plasmid pRAV23 (kindly supplied by Jeffrey Kieft, University of Colorado Denver, Denver, and Robert Batey, University of Colorado Boulder, Boulder, CO) and approaches modified from protocols described previously (10, 46, 47) . The 10mer RNA primer (P10) was purchased from Integrated DNA Technologies. The procedures for the selfannealing of the template strand, the subsequent annealing with P10, and the r5 construct storage were as previously described (14) .
EC Assembly, Purification, and Storage. EC assembly, purification, and storage was carried out using the protocols in the PV work (10), except that KCl was provided at a concentration of 70 mM, the NaCl concentration was reduced Empty triangles indicate the interactions needed to maintain the irregular backbone conformation of the template −2 position and the +1/+2 bend of the template. These interactions include those between the motif G T114-S115 backbone and the +1/+2 junction of the template strand backbone and those between pinky finger K127 and R188 side chain and the template strand backbone phosphates stabilizing the irregular conformation of the ribose-phosphate linkage at the −2 position. These interactions must be broken (indicated by the unlocked symbol) during the final step toward the posttranslocation state. P, product; T, template; T1/T2, transition states.
to 40 mM for the assembly reaction, and the Hepes pH was increased to 7.0 for both the assembly reaction and complex storage.
EC Crystallization and NTP Soaking of the EC Crystals. The EC crystals were grown by sitting-drop vapor diffusion at 16°C using 7.8 mg/mL EC sample. Crystals grew in 1-2 wk with a precipitant solution containing 0.17 M ammonium sulfate, 0.085 M Mes (pH 6.5), 25.5% (wt/vol) PEG 5000 monomethyl ether, and 15% (vol/vol) glycerol. NTP-soaking experiments were done under the precipitant solution using 5 mM NTP and 10 mM MgCl 2 . For each NAC complex obtained, the NTP combination and incubation time are listed in Tables 1 and 2 .
Crystallographic Data Processing and Structure Determination. All final diffraction data for all crystals were collected at the Shanghai Synchrotron Radiation Facility (SSRF) beamline BL17U1 at 100 Kelvin [wavelengths: 0.9791 Å for Protein Data Bank (PDB) entries 5F8G and 5F8L; 0.9789 Å for PDB entries 5F8H, 5F8I, 5F8M, and 5F8N; and 0.9792 Å for PDB entry 5F8J]. Data (100-150°) were typically collected in 0.5°oscillation steps. Reflections were integrated, merged, and scaled using HKL2000 or D*Trek v9.9 (48, 49) . The initial structure solution was obtained using the molecular replacement program PHASER (50) using coordinates derived from the PV EC structure (PDB ID code 3OL6) as the search model (10) . Manual model building and structure refinement were done using Coot and Phenix, respectively (51, 52) . The 3,500-K composite simulated-annealing omit 2F o -F c electron density maps were generated using CNS (53) . In this process, the entire asymmetric unit was first divided into small boxes, each including a fraction not exceeding 5% of the model. For each box, the model in the box was omitted for calculating the corresponding omit maps. The composite map then was generated by stitching all the individual omit maps together in order to make the entire map, not only a specific region, less model-biased. Unless otherwise indicated, all polymerase superimpositions were done using the maximum likelihood-based structure superimpositioning program THESEUS (21) .
